The simplest possible classical model leading to a cosmological bounce is examined in the light of the non-Gaussianities it can generate. Concentrating on the transition between contraction and expansion only, i.e. assuming initially purely Gaussian perturbations, we find that the bounce acts as a source such that the resulting value for the post-bounce f NL largely exceeds all current limits, and potentially casts doubt on the validity of the perturbative expansion. We conjecture that if one can assume that the non-Gaussianity production depends only on the bouncing behavior of the scale factor and not on the specifics of the model examined, then any realistic model in which a non-singular classical bounce takes place could exhibit a generic non-Gaussianity excess problem. The recently released Planck data [1, 2] have set new standards as far as cosmological modeling is concerned, imposing very tight constraints on early universe physics [3, 4] and discriminating [5, 6] between numerous inflationary theories [7] . Bouncing alternatives [8-10] have been claimed to be able to reproduce the observed power spectrum, but probably the most serious constraint to date on primordial cosmological models is that provided by the smallness of non-Gaussianities [11]. Whether or not generic bouncing models can successfully pass this test will decide on the viability of such alternatives. The current work, drawing heavily on the results of Ref. [12] , seems to imply that the level of non-Gaussianity produced during the contraction to expansion transition alone can be expected to be orders of magnitudes above the current limits. Although our result applies, strictly speaking, to the production of non-Gaussianities in a particular category of non-singular bouncing models with constant positive spatial curvature 1 and for which General Relativity (GR) is valid all along, we conjecture that it could apply to a much wider set of models, hence raising a possibly generic problem with bouncing cosmologies that would need to be addressed for each specific model.
The recently released Planck data [1, 2] have set new standards as far as cosmological modeling is concerned, imposing very tight constraints on early universe physics [3, 4] and discriminating [5, 6] between numerous inflationary theories [7] . Bouncing alternatives [8] [9] [10] have been claimed to be able to reproduce the observed power spectrum, but probably the most serious constraint to date on primordial cosmological models is that provided by the smallness of non-Gaussianities [11] . Whether or not generic bouncing models can successfully pass this test will decide on the viability of such alternatives. The current work, drawing heavily on the results of Ref. [12] , seems to imply that the level of non-Gaussianity produced during the contraction to expansion transition alone can be expected to be orders of magnitudes above the current limits. Although our result applies, strictly speaking, to the production of non-Gaussianities in a particular category of non-singular bouncing models with constant positive spatial curvature 1 and for which General Relativity (GR) is valid all along, we conjecture that it could apply to a much wider set of models, hence raising a possibly generic problem with bouncing cosmologies that would need to be addressed for each specific model. 1 Spatial curvature, being the only effective negative energy component at the bounce, is crucial for this category of models based on positive energy single scalar field matter content. Although many models are realized with vanishing or negligible spatial curvature contribution, they necessarily involve other types of negative energy fields, which may cause serious instabilities, and hence also potentially large amounts of non-Gaussianities.
We start from the action describing a single scalar field φ with a canonical kinetic term and evolving in a potential V (φ) within GR (in units in which 8πG N = 1),
where R is the Ricci scalar derived from the metric tensor g µν for the perturbed Friedman-Lemaître-RobertsonWalker line element, given in Poisson gauge by
where
Kδ mn x m x n −2 δ ij is the background spatial metric which we take to be of constant positive curvature (K → 1) in order to obtain a non-singular bouncing behavior, and where Ψ = i
i! are the Bardeen potentials up to arbitrary order in perturbations which encode the scalar cosmological fluctuations in the metric. Note that here, one has, at first order, Ψ (1) = Φ (1) .
Introducing the variable u ∝ aΨ (1) /φ and its Fourier modes, defined by ∆u k = −k 2 u k , one finds [13] 
where the potential V u (η) is sketched in Fig. 1 , drawing on the specific functional shapes of V u (η) obtained in the works [14] [15] [16] . As shown in the figure, a typically asymmetric bouncing phase occurs at η B and is generically preceded and followed by peaks in the potential with model-dependent amplitudes and widths. Fig. 1 ), in a bouncing cosmology, modes may cross the potential three or more times (e.g. k 1 or k 2 in Fig. 1 ). The primordial spectrum is therefore modified for wavenumbers k 1 , k 2 , with possible superimposed oscillations [15, 16] and, as will be shown below, the amplitude of the three-point function of cosmological perturbations generated by the bounce is large [12] . In this work, we focus on the calculation of the amount of non-Gaussianity produced by the bouncing phase only. It is thus sufficient for our purpose to expand the scale factor around the bounce in powers of conformal time η,
where η c is the characteristic timescale of the bounce, and to compute the production of non-Gaussianity between an initial spatial hypersurface at time η − satisfying −η c η − < 0 and a final spatial hypersurface at time η + satisfying 0 η + < η c . In Eq. (4), the two additional constants λ 3 and λ 4 parameterize deviations from a de Sitter bounce at cubic and quartic order in η respectively while η c is an overall deviation in the bouncing timescale from the de Sitter bouncing timescale.
FIG. 1: Prototypical potential
Vu(η), and wavenumber squared (see [14] [15] [16] for explicit examples). The bounce itself occurs between η− and η+. At the level of two-point statistics, small scale perturbations (e.g. those of wavenumber k4) remain unaffected, while long wavelength perturbations (k1, k2 or k3) can be spectrally modified in different ways. For illustrative purposes, the time evolution of two modes, u k 2 and u k 3 is also shown. As shown in this work, the bounce produces large non-Gaussianities for any {k1, k2, k3} configuration.
At the level of the background cosmology, introducing the parameter Υ = φ 2 B /2 (the subscript "B" denotes a quantity evaluated at the time of the bounce), one may use the Einstein equations to express the bouncing timescale as η c = (1 − Υ) −1/2 ≥ 1. Two additional parameters ε V = (V ,φ /V )| B and η V = (V ,φφ /V )| B can be related to Υ, λ 3 and λ 4 in Eq. (4) through the Einstein equations, with the de Sitter bounce being recovered in the limit Υ → 0 [12, 14, 15] . In terms of Υ, ε V and η V , the bounce is seen to be controlled by the kinetic energy of φ and the flatness of the potential V (φ).
The equation of motion for perturbations at the i th order reads
where [12] .
The series solution of Eq. (5) for Ψ (1) up to η 2 can be written in terms of two modes functions v 1 (k, η) and [12] . In this basis, the initial conditions are given in terms of a set of random variablesx a ≡ Ψ (1) (η − ), Ψ (1) (η − ) providing the initial conditions of the first order perturbation and its time derivative on the initial spatial hypersurface. As we are interested in the amount of non-Gaussianity produced in the bouncing phase, we shall assume that the variablesx a follow Gaussian statistics. Thex a in turn define a spectral matrix P at η − by x a (k 1 )x b (k 2 ) = δ k1k2 P ab (k), where a, b take the values Ψ or Ψ . It is important to note that, in general, and in contrast to the more usual inflationary case, all four entries in P are necessary to calculate the amount of non-Gaussianity produced by the bouncing phase. Note also that the background spacetime being of constant positive curvature, all calculations are performed on the three-sphere S 3 and the wave vectors consist in three integer numbers, n > 1, giving the amplitude k 2 = n(n + 2), > 0, and m ∈ [− , ], while δ k1k2 is the product of three Kronecker delta functions δ n1n2 , δ 1 2 , and δ m1m2 .
The bispectrum B Ψ at η + is defined through the threepoint function of the perturbation Ψ evaluated at η + [12] ,
where G k1k2k3 is a geometrical form factor generalizing the flat case δ (k 1 + k 2 + k 3 ) to S 3 ; it is given by an integral over the product of three hyperspherical harmonics. The bispectrum is used to define the non-linearity parameter f NL , obtained by expressing the non-Gaussian signal in terms of the sum of squares of the two-point functions for wavenumbers k 1 , k 2 and k 3 through
Using the results obtained in [12] , we now proceed by calculating f NL at leading order in Υ, ε V and η V and in the limit of large wavenumbers k . This latter assumption is justified because the range of observationally accessible physical wavenumbers today is 10 3 h Mpc [2] . We find
where the dots denote sub-leading terms in inverse powers of k and higher order in Υ, ε V and η V . We also defined
and
. (10) In Eqs. (8) and (10), the sums and products are taken over all possible permutations of i, j and : σ(i, j, ) denotes (i, j, ) ∈ {(1, 2, 3), (1, 3, 2), (2, 3, 1)}, and σ(i, j) denotes (i, j) ∈ {(1, 2), (1, 3), (2, 3)}. In the equilateral (k 1 = k 2 = k 3 = k) and squeezed (k i = k j = k and k = p k) configurations and at leading order, Eq. (8) simplifies to
so that the non-Gaussianity parameter is of order k 2 /Υ. In the folded configuration (k 2 = k 3 = 1 2 k 1 ), the first non-vanishing term is given in the second line of Eq. (8) and simplifies to
The square of the wavenumber does not appear in the numerator of Eq. (13) so that the folded configuration is much below the equilateral and squeezed configuration. Although the matrix P , and hence the functions K's, is unknown, some information on the dominant shapes of non-Gaussianities can be extracted from Eq. (8) in two obvious ways which also highlight the dependence of the shapes of non-Gaussianities on the initial conditions at η − .
Let us first assume that
, an approximation that should be roughly valid in the cosmologically relevant situation for which the power spectra are scale-invariant. With this simplifying assumption, one obtains from Eq. (8) that f NL ∝ (k 2 1 /Υ) × S(x 2 , x 3 ) where S(x 2 , x 3 ) is a dimensionless characteristic shape function which depends only on the ratios x 2 = k 2 /k 1 and x 3 = k 3 /k 1 ; it is displayed in the left panel of Fig. 2 where, without loss of generality, we have ordered the variables by assuming x 3 ≤ x 2 ≤ 1, with the triangle inequality given by x 2 − x 3 ≤ 1 ≤ x 2 + x 3 . The plot suggests that the non-Gaussianities produced in the bouncing phase peak in the equilateral, take intermediate values in the squeezed, and are small in the folded configuration.
Another way to determine the shapes of nonGaussianities produced in a bouncing phase in a largely model-independent way consists in assuming the Bardeen potential to have reached, at η = η − , the "frozen" state, so that one has Ψ Ψ, leading to P Ψ Ψ P ΨΨ P ΨΨ . Assuming the power spectrum to behave as a power law P ΨΨ ∝ k α , we once again obtain an expression of the type f NL ∝ (k 1, x2 = k2/k1 and x3 = k3/k1. The differences in the amplitude as a function of the configuration {k1, k2, k3} hightlights the dependence of S(x2, x3) on the details of P .
but with, in this case, the squeezed configuration slightly exceeding the equilateral one and an overall amplitude reduced by a fac tor 2 to 3.
To conclude, let us discuss two interesting limiting behaviors of the model. The first is the quasi-de-Sitter approximation which, as mentioned before, is equivalent to having Υ 1. In this limit, and contrary to the single field slow-roll inflationary situation, Eqs. (11) (12) (13) show that large amounts of non-Gaussianities are produced in all possible shapes, with f NL ∝ Υ −1 1. Thus, although large non-Gaussianities in inflation often stem from a violation of slow roll, in the bouncing case, the closer one is to a de Sitter bounce, the more non-Gaussianities are produced. The second limiting behavior is perhaps more relevant for comparison with observational data, as it is not based on any pre-requisite regarding the structure of the bounce. As seen from Eqs. (11) to (13), the parameter f NL is scale-dependent, and in particular, is proportional to k 2 in the equilateral and squeezed configurations. In a cosmological background with closed spatial sections and with a present value of Ω K of the order of 10 −2 , the mode numbers are, as discussed above, in the range 10 2 , 10 8 , so the expected non-Gaussianities are predicted to be extremely large right after the bouncing phase. In both limits, the amount of non-Gaussianity produced greatly exceeds the current observational limits and the validity of the perturbative expansion may be brought into question. We conjecture that this is likely to be a generic and potentially serious problem for nonsingular bouncing cosmologies.
